In the temperate zone of Japan, Pinus densiflora Sieb. et Zucc. bears needles of up to three age classes in the upper crown and up to five age classes in the lower crown. To elucidate the effects of leaf age on photosynthetic parameters and its relationships with leaf mass per unit area (LMA) and leaf nitrogen (N l ) concentration on an area (N a ) and mass (N m ) basis, we measured seasonal variations in LMA, N l , light-saturated photosynthetic rate (A max ), stomatal conductance (g s ), maximum rate of carboxylation (V cmax ) and maximum rate of electron transport (J max ) in leaves of all age classes in the upper and lower crown. Leaf mass per unit area increased by 27% with increasing leaf age in the lower crown, but LMA did not depend on age in the upper crown. Leaf age had a significant effect on N m but not on N a in both crown positions, indicating that decreases in N m resulted from dilution. Photosynthetic parameters decreased significantly with leaf age in the lower crown (39% for A max and 43% for V cmax ), but the effect of leaf age was not as great in the upper crown, although these parameters exhibited seasonal variation in both crown positions. Regression analysis indicated a close relationship between LMA and N a , regardless of age class or when each age class was pooled (r 2 = 0.57-0.86). Relationships between LMA and N a and among A max , V cmax and J max were weak or not significant when all age classes were examined by regression analysis. However, compared with older leaves, relationships among LMA, N a and A max were stronger in younger leaves. These results indicate that changes in LMA and N l mainly reflect light acclimation during leaf development, but they are only slightly affected by irradiance in mature leaves. In conclusion, LMA and N l are useful parameters for estimating photosynthetic capacity, but age-related effects need to be taken into account, especially in evergreen conifers.
Introduction
A linear relationship between photosynthetic capacity (e.g., light-saturated photosynthetic rate: A max ) and leaf nitrogen concentration (N l ) has been found in various species (Reich et al. 1991 , Schoettle and Smith 1999 , Meir et al. 2002 , reflecting the large proportion of N l in the photosynthetic machinery (Evans 1989 ) and acclimation to light environment (photosynthetically active photon flux: PPF). Leaf structure, often quantified as leaf dry mass per unit area (LMA), affects relationships among PPF, N l and A max (Reich et al. 1998 , Niinemets 1999 . Species and genera with thicker or denser leaves (higher LMA) consistently exhibit a flatter A max -N l gradient than those with lower LMA; this is the case for several functional groups including forbs, broad-leaved trees and shrubs, and needle-leaved evergreen trees (Reich et al. 1998) . If LMA could serve as an easily measured accurate index of seasonal or annual photosynthetic productivity, it would have many practical applications in research on carbon fixation and productivity (Reich et al. 1991 , 1997 , Meir et al. 2002 , Wright et al. 2002 , Duursma et al. 2005 .
However, most studies on LMA and photosynthetic productivity have been conducted on young fully expanded leaves, ignoring the effect of leaf aging (Meir et al. 2002, Crous and Ellsworth 2004) . In many evergreen species, the age-related decrease in A max may be spread over many years, and because canopies retain several cohorts of foliage, a significant proportion of the forest carbon flux is accounted for by old or aging foliage, or both Escudero 2003a, Warren 2006) . Therefore, the effect of leaf age on photosynthetic productivity is likely to be especially important in conifers. The mechanism(s) involved in the age-dependent decline in A max has not been elucidated (Schoettle and Smith 1999 , Escudero and Mediavilla 2003 , Mediavilla and Escudero 2003a , Niinemets et al. 2006 , Warren 2006 . It is believed that stomatal conductance (g s ) and, therefore, A max decline with leaf age. Some studies, however, have shown that stomatal limitation alone does not explain the decrease in A max with leaf age, because the maximum rate of carboxylation (V cmax ) also decreases (Niinemets 2002 , Warren 2006 . Other studies have demonstrated that remobilization of N from older leaves or N allocation within leaves contributes to the age-related decrease in A max (Mediavilla and Escudero 2003a) . Changes in A max with leaf age may be related to the continuous accumulation and lignification of cell wall materials (Mediavilla and Escudero 2003b , Niinemets et al. 2004 , Onoda et al. 2004 , which may limit CO 2 diffusion from intercellular air spaces to carboxylation sites in the chloroplasts, and thereby decrease photosynthesis (Niinemets et al. 2005 (Niinemets et al. , 2006 .
Changes in leaf traits with increasing leaf life span have been studied in species from a diverse range of ecosystems and biomes (Reich et al. 1992) . Few studies, however, have investigated leaf traits in a single species at different crown positions, although a key feature of evergreen species is a longer leaf life span in the lower crown than in the upper crown. Pinus densiflora Sieb. et Zucc., one of the most widely distributed evergreen coniferous species in Japan, bears leaves of three age classes in the upper crown and five age classes in the lower crown. The major objectives of our study were to: (1) document seasonal and age-dependent changes in LMA, N l , A max and V cmax in needles of all age classes within a P. densiflora crown; and (2) determine if LMA and N l can explain variations in net photosynthesis.
Materials and methods

Study site
A representative P. densiflora tree was selected for study in an approximately 80-year-old forest (35°45′ N, 138°80′ E, 1030 m a.s.l.) that has been used to investigate CO 2 fluxes since 1999. Pinus densiflora, a shade-intolerant pioneer species, is the dominant overstory tree species in this forest. A research tower provided access to the crown of the selected tree, which was 19.8 m tall and had a diameter at breast height of 27.4 cm in 2002. Further details are presented in Han et al. (2003) . During 1973 During -2001 , mean annual precipitation and temperature near the site were 1537 mm and 10.3°C, respectively (Japanese Bureau of Meteorology), and the mean daily, mean daily maximum and mean daily minimum temperatures were 20.9, 26.0 and 16.9°C in July, in January, respectively. The mean extreme high temperature in July was 32.1°C and the mean extreme low temperature in January was -13.8 °C.
Gas exchange measurements
From May 2002 to October 2003, gas exchange was measured in situ in needles of all age classes in both the upper and lower crown of the selected tree (LI-6400, Li-Cor, Lincoln, NE). Three replicates were measured per age class. For each replicate, five fascicles, consisting of ten needles, were mounted in the Li-Cor standard chamber in a holder that kept the needles separate. The curved needle surfaces were exposed to a 6400-02B LED light source. The photosynthetic response curves to intercellular CO 2 concentration (A/C i ) were measured at ten CO 2 concentrations, ranging from 50 to 1800 µmol mol -1 , as described by Han et al. (2003) . Leaf temperatures, calculated according to the energy balance theory (Ehleringer 1989) , were kept at 22 ± 0.2°C in May, 25 ± 0.5°C between June and September and 21 ± 0.6°C in October and November. The vapor pressure deficit in the chamber was below 1.5 kPa for all measurements.
After gas exchange measurements, needles were harvested and their projected areas measured with a scanner (GT-9600, EPSON, Tokyo, Japan) and image analysis software (LIA32, K. Yamamoto of Nagoya University, Nagoya, Japan). The needles were then dried at 70°C for 48 h, combusted with circulating O 2 with an NC analyzer (Sumigraph NC-900, SCAS, Osaka, Japan) and their nitrogen concentration determined on a projected area basis (N a ) by gas chromatography (GC-8A, Shimadzu, Kyoto, Japan).
Calculation of photosynthetic parameters
We estimated V cmax , maximum rate of electron transport (J max ) and rate of dark respiration (R d ) from the A/C i curves fit by nonlinear regression based on the model of Farquhar et al. (1980) , following the procedures of Harley and Baldocchi (1995) . Values for V cmax and R d were estimated from the A/C i curves at C i less than 200 µmol mol -1 , assuming that the only factors limiting CO 2 assimilation were the amount, activity and kinetic properties of Rubisco at low C i (Wullschleger 1993) . The value of J max was estimated from the A/C i curve when C i was greater than 700 µmol mol -1 , with a fixed value of light energy conversion (α = 0.24) and the value of R d obtained in the V cmax regression. All V cmax and J max values were standardized to 25°C, according to the activation and deactivation energy parameters obtained by Han et al. (2004) .
Data analyses
The effect of leaf-age class on leaf traits was evaluated by one-way analysis of variance (ANOVA). Where age effect was significant (P < 0.05), Tukey-Kramer's test was used to explore pairwise comparisons among age classes for the same crown position (P < 0.05). In addition, relationships among leaf traits were examined by linear regression analysis. All regressions were derived from the entire dataset, rather than the sample means.
Results
Leaf-age effects on leaf morphology and chemistry and their seasonal variations
Leaf dry mass per unit area (LMA) varied seasonally among age classes in both upper and lower crown positions (Figures 1a and 1b) . The leaf-age effect on LMA was significant only in the lower crown (Table 1) . Increases in LMA in aging leaves were not monotonic, with most of the increase occurring in needles between ages 2 and 3 years before currentshoot elongation, and between current-year and 1-year-old needles after the current-year needles matured. Needles in the upper crown had higher LMA than needles of the same age in the lower crown.
Leaf nitrogen concentration on a dry mass basis (N m ) and N a exhibited distinct seasonal differences in both crown positions (Figures 1c-f) . Leaf age had a significant influence on N m , but not on N a , in both the upper and lower crown (Table 1) . Older leaves had lower N m in both crown positions. In current-year needles, N a reached its maximum value at least a month earlier in the lower crown than in the upper crown. There was some decrease in N a in all age classes during elongation of current-year needles, and some increase in the autumn resulting from soil supply and resorption from senescing needles. Needles in the upper crown had higher N a than needles of the same age in the lower crown; however, N m did not differ significantly between crown positions.
Before shedding, we collected senesced needles from the shoot sampled in 2002. Mean N m in senesced needles was about 0.39%, and did not differ between crown positions (P = 0.16). In contrast, there was a significant difference between crown positions in mean N a (P < 0.01), with 0.3 and 0.2 g m -2
in the upper and lower crown, respectively.
Leaf-age effect on seasonal variation in leaf photosynthesis
It was impossible to measure in situ gas exchange of juvenile needles, which were easily damaged or broken; therefore, TREE PHYSIOLOGY ONLINE at http://heronpublishing.com ) and leaf nitrogen concentration on an area (N a ; g m -2 ) and on a dry mass (N m ; mg g -1 ) basis in September 2002 after full expansion of current-year needles in the upper and lower crown of Pinus densiflora. Significance of age class effects (P) were assessed by one-way ANOVA. Where the age effect was significant (P < 0.05), Tukey-Kramer's test was used to investigate pairwise comparisons between the age classes for the same crown position; within columns, values followed by different letters differ significantly (P < 0.05). Values are means ± SE; n = 3. (Figures 2a and 2b) . In general, older needles had a lower A max in both crown positions, but the differences were not always significant. In the upper crown, a significant decrease in A max in 2-year-old needles, when expressed on an area basis (A max,a ), was observed only on Day 140, before current-year needle expansion. In the lower crown, a leaf-age effect on A max expressed on a mass basis (A max,m ) was significant for all measurement dates, but when expressed as A max,a , it was significant only after full expansion of current-year needles. The greatest difference in A max was between 1-and 4-year-old needles (Table 2 ). Older needles tended to have a lower V cmax in both crown positions, although the age effect was not significant in either the upper or lower crown, except on Day 310 in the lower crown (Figures 2c and 2d , Table 2 ). In addition, no significant differences were found with leaf age class in J max (data not shown). There was no significant age effect on g s in either crown position (Table 2) . Needles in the upper crown had higher g s than needles of the same age class in the lower crown.
Relationships between LMA, N l and photosynthetic parameters
Leaf N a was closely related to LMA for pooled data from all age classes (r 2 = 0.77) and for separate age classes (r 2 = 0.57-0.86) (Figure 3, Table 3 ). In contrast, N m was not related to LMA (data not shown; P = 0.854).
When data from all age classes were pooled, A max,a was weakly related to both LMA and N a (Figures 4a and 4b) . When data for each age class were analyzed separately, the LMA-A max,a and N a -A max,a relationships were significant for current-year needles, but not for 2-or 4-year-old needles (Table 3). In 1-and 3-year-old needles, A max,a was weakly related 554 HAN, KAWASAKI, NAKANO AND CHIBA TREE PHYSIOLOGY VOLUME 28, 2008 after full expansion of current-year needles in the upper and lower crown of Pinus densiflora. Significance of age class effects (P) were assessed by one-way ANOVA. Where the age effect was significant (P < 0.05), TukeyKramer's test was used to investigate pairwise comparisons between the age classes for the same crown position; within columns, values followed by different letters differ significantly (P < 0.05). Values are means ± SE; n = 3.
Age class
Upper crown Lower crown
Current-year 8.1 ± 1.4 0.13 ± 0.03 55.5 ± 11.5 7.1 ± 0.3 ac 0.05 ± 0.01 48.5 ± 5.3 One-year-old 8.6 ± 0.6 0.10 ± 0.02 62.3 ± 3.2 7.7 ± 0.5 a 0.05 ± 0.01 56.3 ± 8.6 Two-year-old 5.7 ± 0.9 0.08 ± 0.01 46.0 ± 9. to LMA, but not to N a . However, the correlation between A max,a and N a became significant for both 1-year-old (r 2 = 0.29, P = 0.005) and 3-year-old (r 2 = 0.42, P = 0.031) needles when data for Day 310 were excluded. When all age classes were included in the linear regression, V cmax was weakly related to LMA (Figure 4c ) but it was not correlated with N a (Figure 4d) ; otherwise, V cmax and LMA were not related for any of the age classes (P > 0.05). When data for all age classes were pooled, J max was weakly related to LMA and N a (Figures 4e and 4f ), but not when age classes were considered separately (P > 0.226). Stomatal conductance was related to A max when data for all age classes were pooled (Figure 5a ) and when each age class was considered separately in the linear analysis (r 2 = 0.27-0.69, P < 0.05). In addition, the slopes describing the relationship between g s and A max for the two crown positions differed significantly (Figure 5a ). We found that V cmax was related to J max when linear analysis was carried out for all age classes and for each age class separately (Figure 5b , Table 3 ).
Discussion
Leaf mass per unit area of P. densiflora was higher in old than in young needles in both the upper and lower crown (Figure 1 ). This is consistent with results for the majority of studied species and probably reflects continuous accumulation and lignification of cell wall materials during needle aging (Schoettle and Smith 1999 , Mediavilla and Escudero 2003b , Niinemets et al. 2004 . Needle age had less influence on N a than on LMA, but older needles had a lower N m in both crown positions (Figure 1, Table 1 ), demonstrating that changes in N m resulted from dilution of N. We found some decrease in N a in mature needles TREE PHYSIOLOGY ONLINE at http://heronpublishing.com LEAF-AGE EFFECTS ON LEAF MASS PER AREA, NITROGEN AND PHOTOSYNTHESIS 555 Table 3 . Table 3 . Regression results (y = ax + b) for relationships among leaf mass per unit area (LMA; g m -2 ), leaf nitrogen concentration on an area basis (N a ; g m -2 ), light-saturated photosynthetic rate (A max ; µmol m -2 s -1 ), maximum rate of carboxylation (V cmax ; µmol m -2 s -1 ) and maximum rate of electron transport (J max ; µmol m -2 s -1 ) for each needle age class. Results shown are for upper-and lower-canopy needles combined (n = number of replicate needles). during the period of new needle production in both crown positions. Because leaf area should change less after leaves mature, the decrease in N a suggests decreases in N content per needle. These results agree with previous measurements in P. radiata D. Don Nambiar 1984, Nambiar and Fife 1991) , indicating translocation of N from existing needles regardless of needle age. Furthermore, there was some increase in N a in needles older than 1 year after the current-year needles had fully elongated, especially in the upper crown, indicating replenishment of N in those needles rather than reallocation driven by light acclimation (Nambiar and Fife 1987) . Together with the close LMA-N a relationship ( Figure 3 , Table 3 ), our findings provide additional evidence that the structural characteristics of fully mature needles are only weakly modified by changes in irradiance (Niinemets et al. 2006 ). The overall decrease in A max in P. densiflora with needle age is consistent with previous reports for evergreen species such as P. sylvestris L., P. pinaster Aiton, Ilex aquifolium L. and Quercus ilex L. (Mediavilla and Escudero 2003a , Niinemets et al. 2006 , Warren 2006 . This age-related decrease in A max may be partly caused by stomatal limitation and is also related to a reduction in V cmax (Table 2) , as described previously (Niinemets et al. 2006 , Warren 2006 , although the decrease in these parameters with age was not significant in P. densiflora. Strong LMA-A max and N a -A max relationships were found in current-year needles, whereas A max was unrelated to LMA or N a in 2-and 4-year-old needles (Table 3) , which would abscise in the fall from the upper and lower crown, respectively. The N a -A max and LMA-A max relationships were significant in 1-year-old needles when A max on Day 310 was excluded from the regression analysis. These correlations were probably the result, at least in part, of a low-temperature induced reduction in A max (Han et al. 2004) , although a reduction in the quantity of stored physiologically nonfunctional N in senescing leaves may also have been a factor (Millard 1996) . Schoettle and Smith (1999) found that the N a -A max relationship was significant only in young leaves of a P. contorta Dougl. ssp. latifolia Engelm. crown. In fully mature leaves, N a and LMA were modified only weakly by decreases in irradiance caused by overtopping new foliage, whereas photosynthetic parameters exhibited large adjustments to changes in irradiance (Brooks et al. 1994 , 1996 , Niinemets et al. 2006 . Our results provide further support for weaker LMA/N a -A max relationships in older leaves compared with younger leaves. This is one of the few crown-level studies to demonstrate that the effect of leaf age on physiological traits varies both temporally and spatially within the crown. Sun-exposed needles in the upper crown exhibited fewer effects of aging than shaded needles in the lower crown. Both LMA and N l are useful parameters for estimating photosynthetic capacity. However, because the LMA/N a -A max relationships became weaker as needles aged, we conclude that age-related effect on leaf traits should be taken into account in studies on canopy-level photosynthesis, especially in evergreen conifers.
